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INTRODUCTION

-

Many studies have been carried out concerning permeability of erythrocytes of a large number of animal species
to various penetrating nonelectrolytes.

Work in the 1930's

demonstrated quantitative differences in the rates of

pene~

tration of nonelectrolytes that could not be explained on
the basis of molecular size or lipid solubility.

Ulrich

(1934) studied a number of species and observed wide variation in the 75% hemolysis times in polyhydric alcohols and
sugars.

While mouse erythrocytes in an isotonic erythritol

solution hemolyzed within a few minutes, ox red cells in a
similar solution took eight hours to reach the same point.
Jacobs, Glassman and Parpart (1938) observed differences in the

perme~bilities

of mouse and rat red cells to

erythritol, mannitol, glycerol and thiourea.

Mouse erythro-

cytes were shown to be more permeable to thiourea than glycerol while the reverse was true in rats.

Mouse red cells

displayed a high degree of permeabi1ity to erythritol while
its penetration of rat erythrocytes was much slower.
Previous experimentation (Jacobs, 1931; Jacobs et al,
1935; Jacobs and Parpart, 1937) prompted Jacobs, Glassman
and Parpart (1950) to examine red cell permeabilities of
mammals, birds, reptiles, amphibians and fish to isosmotic
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solutions of glycerol, ethylene glycol, urea and thiourea.
Their results indicated an unusually high permeability for
urea in mammalian erythrocytes and for glycerol and ethylene
glycol in bird red cells.
Investigators were soon able to demonstrate recognizable
differences in permeability between a number of species from
a single genus.

Differences in rates of osmotic hemolysis

within the genus Peromyscus were shown by Levine (1943).
Of the four subspecies studied,
leucopus noveboracensis,

~·

E·

eremicus fraterculus, P.

truei truei,

and~·

gossypinus

palmarius, consistent differences in hemolysis times were
observed.

On the ba.sis of these differences it was possible

to distinguish between the four experimental species.

A study by Jacobs, Glassman and Parpart (1935) compared
the rates of penetration and species differences in eleven
mammals by determining the temperature coefficients (Q
hemolysis in solutions of certain nonelectrolytes.

10

) of

Using

glycerol and ethylene glycol as penetrants, the data obtained
divided the animals into two distinct groups on the basis of
their hemolysis times.

The group consisting of man, mouse,

rat, rabbit and guinea pig exhibited a high degree of permeability to glycerol with hemolysis times ranging from ten
seconds to several minutes.

Erythrocytes of this group were

unique in that glycerol penetration was inhibited by trace
amounts of copper (see also Jacobs and Corson, 1934) and
also was sensitive to changes in the .pH of the solution.

3

Erythrocytes of the second group showed a much lower permeability to glycerol with hemolysis times that range& from 15
to 20 minutes.

This group (dog, cat, sheep, ox and pig)

was not affected by changes in the pH nor by the presence of
trace amounts of copper in the solution.

These two groups

roughly correspond to the hypothetical lines of descent of
recent mammalian orders (Vaughn, 1978).
The temperature coefficients of the two groups were
also different.

In the first group, the Q
was low (less
10

than two) while the second group had Q
values in a·qigher
10
range (greater than three).

The different characteristics

exhibited by these groups has led to the postulate that the
nonelectrolytes glycerol and ethylene glycol penetrate the
erythrocytes of the first group (man, mouse, rat, rabbit, and

-

guinea pig) by a mechanism other than simple diffusion.

Jacobsand Parpart (1937) studied the effect of n-butyl
alcohol on the permeability of the erythrocytes of several
species.

It was found that the presence of n-butyl alcohol

in the system caused changes in the permeability that
divided the experimental species into two groups, similar
to the groups described earlier with respect to pH sensitivities, temperature coefficients, and copper inhibition
(Jacobs et al, 1935), Glycerol permeability was enhanced by
n-butyl alcohol in erythrocytes of the pig, horse, dog, ox
and cat.

The presence of n-butyl alcohol depressed glycerol

permeability in red cells from man, rats, rabbits, ground

4

hogs, guinea pigs and several birds.

The similarity of the

two groups described by Jacobs et al (1935, 1937) and the
effects of n-butyl alcohol on glycerol penetration strengthened the hypothesis that glycerol might be a case of "special"
permeability.
LeFevre (1948) investigated the penetration of glycerol
and glucose in the human erythrocyte.

His kinetic studies

of volume changes indicated penetration of the erythrocyte
was by a mechanism other than simple diffusion.

It was

also noted that penetration was depressed by the presence of
mercury, phlorizin or iodine, which led to the suggestion
that a sulfhydril group must be involved in the passage of
glycerol and glucose across the erythrocyte membrane.
Later investigations (LeFevre, 1954; LeFevre and LeFevre:
1952; Widdas, 1951, 1952, 1954; Rosenberg and Wilbrant, 1955;
Stein and Danielli, 1956) showed that entrance of glycerol
and glucose into human erythrocytes occurred much more
rapidly than could be accounted for by simple diffusion.
A study by Hunter (1961) involved the effect of n-butyl
alcohol on the permeability of human, rabbit, sheep and
chicken red cells to glycerol, nonoacetin, thiourea and
ammonium chloride.

This work suggested that in instances·

where movement across the cell membrane was accomplished by
simple diffusion, butanol increased the permeability.

When

penetration was by means of a carrier mediated system, the
butanol acted to suppress transport .. ~
.·~Y
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A subsequent investigation (Hunter, George and Ospina,
1965) using n-butyl alcohol and tannic acid further distinguished between the simple and facilitated diffusion systems.
This work suggested that a carrier mediated transport system
was responsible for glycerol transport in the erythrocytes
of the mouse, rabbit, and man.
Hunter (1976) recently studied seven species of mammals
and found that all have carrier mediated transport systems
for the transfer of glycerol, ethylene glycol, urea and
thiourea.

Further examination of the systems by competitive

inhibi~ion

studies indicated that glycerol and ethylene glycol

share one carrier while urea and thiourea share another.
Sen and Widdas (1962) investigated the temperature
dependence of glucose transfer across the human erythrocyte
membrane.

They concluded that a carrier mechanism was in-

volved with this system and found that the half-saturation
constant (¢) for the glucose carrier in human red cells
decreased at lower temperature.

The maximum transport rate

also varied widely over the temperatures used experimentally.
The present work was done to determine the effect of
temperature on the half-saturation constant (¢) and the
maximum transport rate (K) of the facilitated diffusion of
glycerol across the erythrocyte membrane of Peromyscus
californicus.

MATERIALS AND METHODS
Specimens of Peromyscus californicus were captured
using live traps at Camp Chesebrough, Boy Scouts of America
(Township 8S, Range 3W, Sections 1 and 12) in the Santa Cruz
Mountains, Santa Cruz County, California.

Animals were then

transported to the University of the Pacific campus in
Stockton, California, where they were maintained for approximately four months, with a constant supply of Purina lab chow
and water, until selected for experimental use.

A total of

fifteen specimens were used in this study.
Blood was obtained by decapitation and heparin was used
as an anticoagulant.

Cells from each individual were washed

three times with 1% sodium chloride solution, buffered to
pH 7.5 with Tris, and centrifuged at low speeds for 3 to 5
minutes.

After each centrifugation, the supernatant and buffy

layer were removed by aspiration.

Following the third centri-

fugation, 0.5 ml of the packed red cells were suspended in
5.0 ml of 400 mM glycerol in 1% NaCl solution (pH 7.5).
This cell suspension was allowed to equilibrate for fifteen
minutes at room temperature and then was placed in a constant
temperature bath to reach the desired experimental temperature.
A densimeter technique (Mawe, 1956) was employed to
measure volume changes of the red cells.

6

The densimeter
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consists of a chamber into which the cell suspension is placed,
surrounded laterally and below by a water jacket.

Water is

circulated through the chamber-jacket from a constant ternperature .bath to maintain temperature control.

A beam of

light passes through the water jacket and densimeter chamber
striking a photoelectric cell cathode.

Changes in volume

of the suspended erythrocytes result in varying levels of
light scattering in the chamber.

The photoelectric cell

cathode translates the level of light scattering into a
D-C current which is amplified and transmitted to a pen
recorder that traces the resultant curves.
An aliquot (0.25 ml) of the erythrocyte suspension was
added to the densimeter chamber into which varying amounts of
1.5% sodium chloride solution (10, 9.5, 9, 8.5, and 8 ml)
and 400 mM glycerol (0. 0.5, 1.0, 1.5, and 2.0 ml) had
previously been placed, so that the total volume in the
chamber during any given experimental trial was 10.25 ml.
The mixture was constantly stirred by a motor-driven plastic
stirring rod to avoid any settling of the cells while measurements were being made.

The exit rate of penetrant from
"

the cells was measured (Sen and Widdas, 1962) at several
temperatures (10, 15, 20, 25, 30 and 37 C) with varying
·-···

concentrations of the nonelectrolyte in the external solution (9.2 [0 ml], 28.7 [0.5 ml], 48.2 [1.0 ml], 67.7 [1.5 ml]
and 87.2 [2.0 ml] mM).
Analysis of the data obtained from the shrinkage of

8

the erythrocytes was by the method of Sen and Widdas (1962),
which is based on an earlier equation described by Widdas
(1954):

ds
dt

=

in which S
C

=

=

. c

K

<c

+ ¢

s/v
- sjv +_¢ )

(1)

amount of penetrant in the cells, t

external concentration of penetrant, V

lar water, ¢

=

=

=

time·,

volume of cellu-

value of half-saturation constant of the

carrier, and K = maximum transport rate.
be integrated, when values of

This equation can

¢ and concentration are small,

to the following form:
(s.

t

in which S.

1

+ ¢) (C + ¢)

= . .:. .·.....;.1;;;___¢-;-:.K::----

=

(2)

initial amount of penetrant in. the cells.

It

can be seen from this equation that a linear relationship
exists between the exit times and the external concentration
of the penetrant and further, when t

= 0,

the intercept of

the line will give the value of -¢, the half-saturation con0

stant (Sen and Widdas, 1962).
A method has been proposed for determination of the
half-saturation constant and maximum transport rate that is
similar to that of Widdas but requires no restrictions on
the values of
1965).

¢ nor concentrations of penetrant (Miller,

It is suggested that the exit times be multiplied

9

by the factor:

A

=

E (E

+

C-

( E-C

)

(E+'C)

0

C

0

(3)

in which isotonic units are used and E = external concentration of the non-penetrating component,

C=

external concen-

tration of the penetrant, and C0 = internal concentration of
the penetrant at t

= 0.

A plot of At (ordinate) versus C

(abscissa) will give a straight line with a C-intercept value
of -¢, the half-saturation constant.
Miller has also shown that the maximum transport rate
(K) can be calculated using the following equation:

¢
K

=

t

+

co

(4)

(E - Co)

(Original notation used by Miller has been altered to conform
to that of Sen and Widdas.).
The resulting record of glycerol exit from the cells
was used to determine the experimental times (t).

A tangent

was drawn to the initial steep portion of each shrinking
curve and a horizontal line was drawn through the equilibrium
volume.

The distance between the intersection of these two

lines and the starting point was used to calculate time.
These times were then plotted against external penetrant
concentration and the method of least squares was used to
draw a straight line through the points.

The intersection

10

of this straight line with the abscissa is equal to

-¢.

Values of K were calculated by substituting the values of t
and ¢ into equation (4).
A plot of the natural logarithm of the half-saturation
constant (¢) against the reciprocal of the absolute temperature (T) suggested a straight line that can be described by
the equation
R.n ¢

=

a
c - T

(5)

in which a is the slope of the line and c is the intercept
on the temperature axis.

This plot can be used to calculate

the energy of dissociation of the carrier-penetrant complex
(E) using the method proposed by Arrhenius (1915):

E

=

R T

2

T

1
T2 - Tl

R.n

¢2·

~

(6)

where R is the gas constant; T1 and T are the absolute
2
temperatures; and ¢ and ¢2 the half-saturation constants
1
for the corresponding temperatures.

--·

0

RESULTS
Figure 1 shows a series of typical shrinking curves
that record the exit of glycerol from the erythrocytes at
20 C.

The initial portion of the curve is linear, which can

be explained by assuming almost complete saturation of the ·
carriers on the inside of the cell membrane and negligible
saturation of the carriers on the outside.

The external

concentration of glycerol is not significantly changed by
loss from the cells, so the saturation of outside carriers
remains relatively low.

The exit rate of the glycerol

remains constant and close to maximum (when low external
concentrations are maintained) as long as the carriers on
the inside of the membrane are saturated.

As the internal

glycerol concentration decreases, thus reducing carrier
saturation, the linear aspect of the record is not maintained
and it curves toward the equilibrium volume.

As previously

described, these curves were measured to determine exit
times for each trial.

The times were then multiplied by the

Miller A (equation 3) and plotted against external penetrant
concentration.

The method of least squares was used and a

straight line drawn through the points and finally values of
K and

¢ were calculated for each experimental temperature.

Table 1 presents the mean exit times for the various penetrant concentrations at each experimental temperature.
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The
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values for K and ¢ calculated for each temperature are
included in Table 2.
Figure 2 is a plot of ¢ against temperature to show the
effect of temperature changes on the half-saturation constant.
The half-saturation constant was found to vary between 22.4
(at 10 C) and 27.3 (at 25 C), with four of the values clustered around 26 (25.3 to 26.9).
A plot of K against temperature is presented in Figure 3.
The values of K increased with increasing temperature with
the greatest change appearing to occur at higher temperature.
Calculation of the correlation coefficients for the values
in Table 2, however, indicate that the relationship between
K and temperature is linear.
Figure 4 is an Arrhenius plot of the natural logarithm
of¢ against the reciprocal of the absolute temperature (T).
Using equation (6) the energy of dissociation of the carrierpenetrant complex (E) was calculated to be 976 calories/mole.

"

-~---

13

Table 1:

Mean exit times (in minutes) bf glycerol
from erythrocytes of P. californicus at
various temperatures ind external penetrant concentrations. Data taken at
25 C are from Raecker (1977) .

..,

~
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Table 1

Temperature

Concentration
9.2 mM

28.7 mM

48.2 mM

67.7 mM

87.2 mM

10

c

7.08

7.21

7.52

9.15

9.06

15

c

4.28

4.87

5.17

5.51

5~66

20

2.68

2.88

3.12

3.19

3.42

25

c
c

1.80

1.94

2.09

2.17

2.24

30

c

.79

.99

.98

1.04

1.08

37

c

.59

.63

.. 65

.71

.73

15

Table 2:

Values of the half-saturation constant (~)
and maximum transport rate (K) found at
various experimental temperatures for the
glycerol carrier in erythrocytes of P.
californicus. Data for the 25 C temperature are taken from Raecker (1977).

···:
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Table 2

Temperature

¢

K

10 c

22.4

1.2

15

c

25.3

1.8

20

c

26.7

2.9

25 c

27.3

4.3

c

26.2

9.2

37 c

26.9

13.4

30

... q

~
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Figure 1.

Shrinking curve obtained using erythrocytes
of Peromyscus californicus equilibrated
with 400 mM glycerol in 1% NaCl when added
to 1.5% NaCl with increasing concentrations
of glycerol in the external solution.

~

.,.:..

•

81
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Figure 2:

A plot of temperature (C) against halfsaturation constant (¢) for the glycerol
transport system in erythrocytes of P.
califo~hicus.
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Figure 3:

A plot of temperature (C) against the
maximum transport rate (K) for the
glycerol transport system in erythrocytes of P. califo~n~cus.
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Figure 4:

An Arrhenius plot of the natural logarithm
of the half-saturation constant (ln ¢)
against the inverse of the absolute
temperature (1/T).
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DISCUSSION
Several studies have been performed which indicate that
the nonelectroly.te glycerol crosses the cell membrane of the
erythrocytes of various species by means of facilitated.
diffusion.

The present work examines the effect of tempera-

ture on the transport of glycerol across the erythrocyte
membrane of Peromyscus californicus.
The effect of temperature of the half-saturation constant (¢) and the maximum transport rate (K) of the glucose
carrier in human red cells has been studied·by Sen and
Widdas (1962).

They found that both the maximum transport

rate and the half-saturation constant increased as temperature became greater.

However, these changes were not linear

and the greatest effect on these two values was seen at
higher experimental temperatures.

An Arrhenius plot of the

natural logarithm of ¢ against the reciprocal of the absolute temperature gave a single straight line which indicated
an energy of dissocation for the carrier-sugar complex of
10,000 caljmole.
--····-.. · - - ·

Sen and Widdas have suggested that this

value of the dissociation energy may indicate that several
hydrogen bonds are involved in formation of the carriersugar complex.
Several other studies suggest that changes in temperature may cause alteration in the membrane structure.

25
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Observations also indicate that the middle temperature range
may be associated with specific changes in the carrier.
Heller and Hoffer (1975) studied the transport of sugars
into yeast cells at various temperatures.
of their data gave an ·inverted V.

An Arrhenius plot

They concluded from this

that between 10 C and 15 C there was a- phase change in the
membrane and that at about 30 C there was a change from a
highly ordered to a less ordered membrane structure.

Using

erythrocyte ghosts (red cells that have been hemolyzed and
lost cellular components, then have been returned to an
isotonic solution where the integrity of the plasma membrane
is restored and the ghost can respond to osmotic stresses)
Johnson (1975) observed differences in the kinetics of
resealing of the membrane.at various temperatures.· The
membranes behaved differently at temperatures below
compared to those above 20 C.

20~Cas

A non-linear change in vis-

cosity was noted at 18-19 C using sonicated human red cells
and extracted membrane lipids (Zimmer and Schirmer, 1974).
These reports all indicate some type of conformational change
occurring in the membrane or carrier in the middle temperature range.
In the current study, the maximum transport rate (K)
---·

showed little change at low temperatures but increased markedly
at higher temperatures (Figure 3).

As in the earlier study

by Sen and Widdas (1962) the data did not appear to vary in
a linear fashion.

The half-saturation constant (¢) showed

27

no appreciable change over the range of experimental·temperatures (Figure 2), contrary to previous results obtained
using transport systems for other nonelectrolytes in different species.

-

The glycerol transport
system
in P. californicus
.
.
exhibits a low energy of dissociation 1or the carrierpenetrant complex, on the order of 1 Kcalfmole, as opposed
to the 10 Kcalfmole found for the human-glucose system by
Sen and Widdas. , 'l'his suggests some type of union between
the carrier and penetrant other than the hydrogen bonding
postulated earlier for other carrier systems.

There

i~

also little evidence for the middle temperature range
conformational change of the carrier that is suggested by
other systems because of the linearity of the Arrhenius
plot (Figure 4).
The present study demonstrates that the carrier for
glycerol in

~·

californicus erythrocytes has different

values for the maximum transport rate as the temperature
of the system is varied, but that the half-saturation constant exhibits only negligible change.
,

··-

SUMMARY

1.

A photoelectric cell method was used to measure

.

the rate of exit of glycerol from the erythrocytes of
Peromyscus californicus.
2.

The maximum transport rate (K) and the half-satura-

tion constant

(~)

for the glycerol carrier were found at

various temperatures using times measured from the exit
curves.
3.
(~)

Results showed that the half-saturation constant

remained basically unchanged over the range of experi-

mental temperatures while the maximum transport rate (K)
increased steadily as temperature became greater.
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